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Introduction
Radiation exposure in children has become a great concern as CT images hold an important position in diagnostic algorithm and monitoring of therapeutic responses [1] [2] [3] . An important reason for radiologists to consider reducing radiation dose specifically in pediatric CT, is that children are at a greater risk of radiation-induced cancer development due to longer expected lifespan and higher radiosensitivity compared to adults [4, 5] . Thus, a number of dose-saving strategies and guidelines to optimize pediatric CT examinations have been developed [6, 7] .
Recently, a method combining an automatic tube voltage selection (ATVS) technique and automatic tube current modulation (ATCM) technique was introduced to reduce radiation dose while maintaining image quality [8] [9] [10] [11] . With this method, the optimal tube voltage is automatically selected for each patient, and the tube current is modulated in real-time manner. Even though the level of tube voltage and tube current are largely determined by the body size and morphology in these techniques, several ancillary factors, such as presence of devices, patient off-centering, or arm positioning, have been reported to be important for tube current modulation and voltage selection in previous studies [12] [13] [14] [15] [16] [17] .
However, to our knowledge, the complex influences of these morphologic factors on radiation doses have not been comprehensively analyzed in children [18] . Therefore, the purpose of this study was to evaluate the patients' morphologic factors affecting radiation dose in pediatric chest CT.
Materials and methods
This retrospective study was approved by the Seoul National University Hospital Institutional Review Board and the requirement for informed consent was waived.
Patients
From November 2013 to May 2015, 419 pediatric chest CT examinations were performed on a CT scanner. One hundred and four CT scans were excluded due to the following causes: 1) CT scanning was performed using a non-reference tube current setting (n = 49); 2) patients without clinical information of height and weight (n = 46); and 3) double scanning was performed because of inadequate scanning at the initial exam (n = 9). A total of 315 CT examinations were included in this study. The patients were classified into 5 groups according to age (0-2 years, n = 65; 3-5 years, n = 54; 6-10 years, n = 58; 11-15 years, n = 81; 16-18 years, n = 57). The age groups were set as closely as possible to multiple nationwide surveys on the subject of diagnostic reference level (DRL) [19] [20] [21] [22] [23] . For each age group, chest CT scans were divided into two subgroups: Group A, less than the 75th percentile of the size-specific dose estimates (SSDE) for each age group, n = 238; and Group B, greater than the 75th percentile of the SSDE for each age group, n = 77, considering that the 75th percentile of a radiation dose distribution is used as a DRL [24] . A flow diagram of the study population is presented in Fig 1. The dose-length product (DLP) and volume CT dose index (CTDI vol32 ) values were obtained from the dose reports and each SSDE was calculated according to the equation:
SSDE ðmGyÞ ¼ conversion factor Â CTDIvol ðmGyÞ:
A conversion factor was selected in each patient as a function of the sum of the lateral and AP dimensions measured on the CT image at the level of the left inferior pulmonary vein draining into the left atrium [25] .
CT technique
All CT scans were performed with a 128-section scanner (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany) using the same protocol according to an automatic tube voltage selection technique (Care kV) and an automated tube current modulation technique (CARE Dose4D) (reference tube voltage of 120 kV and reference tube current-time product of 100 mAs). One of the three different sets of tube voltage and tube current was selected for one CT scan: 120 kV 100 mAs, 100 kV 130 mAs, and 80 kV 303 mAs. A mid-level setting for the ATVS weighting (slider position 7 of 12) designed for soft-tissue examination was selected in our study to keep the contrast-to-noise ratio (CNR) balanced. All scout images were obtained using 80 kVp in an anteroposterior projection. All single phase contrastenhanced chest CT scans were performed using the following parameters: detector configuration, 128 × 0.6 mm; gantry rotation time, 0.28 s; 180 x 180 mm field-of-view with an adjustment for each patient, 120 x 120 mm-384 x 384 mm; resolution, 512 x 512; slice thickness, 3 mm; and reconstruction interval, 2 mm. Axial, coronal, and sagittal images were reconstructed from the raw volumetric data using an image space iterative reconstruction (ISIR) kernel (I30f) for all patients. Breathing instructions were provided only if the patient could hold his or her breath; if not, CT was performed with free breathing.
Data analysis
Effective tube current and tube voltage were compared between groups A and B according to age. Sex ratio, age, weight, height, anteroposterior (AP) body diameter, and lateral diameter were compared between the two groups in each age group. In addition, body mass index (BMI), arm positioning and angles on the scout coronal images and coronal reformatted images, presence of medical devices in the scan field, and degree of off-centering within the CT gantry in vertical and lateral directions were also compared between groups A and B.
The height and weight of each patient were obtained from medical records and BMI was calculated. Maximum AP and lateral diameters were measured manually at the level of the left inferior pulmonary vein draining into the left atrium.
The angle of the arm was defined as the difference between the long axis of the humerus and the long axis of the torso, and quantified manually on both scout coronal images and coronal reformatted images. The averaged angles of the right and left arms were used for analysis. If arm angle on either side was less than 90 degrees, it was considered as an arms-down position. The arm angle measurements were performed by a pediatric radiologist (Y.J.R., with 6 years of experience). All identifying data were fully anonymized before the assessment.
Degree of off-centering was defined as the distance between the center of data collection and center of reconstruction target. Here we assumed that the center of reconstruction target would be the isocenter of the gantry and calculated by the equation in vertical and lateral directions, respectively: If the patients had a metallic device (screw, prosthesis, mechanical valve, ECG lead), endotracheal tube, bag valve mask or percutaneous drainage catheter in the scan field, they were considered as positive medical device cases. Plastic and thin (thickness < 1cm) devices such as a Levin tube, central line, or Hickmann catheter were not taken into account.
Statistical analysis
An unpaired Student's t-test was used to compare the continuous values such as age, tube current, weight, height, BMI, AP diameter, lateral diameter, angles of arm on the scout / reformatted coronal images, and degree of off-centering in vertical and lateral directions between groups A and B. The categorical scores, including sex ratio, position of arm (up or down), and presence of devices were compared between the two groups using a chi-square test or Fisher's exact test. For an age group analysis, the Mann-Whitney U test was used to determine continuous scores between groups A and B due to a small number of subjects. To determine the strength of the association found between higher SSDE and variables, we performed forward stepwise logistic regression analysis with group B as the dependent outcome. Variables that were highly cross-correlated with BMI were not entered in the model to determine the best model predictive of higher SSDE. All statistical analyses were performed using SPSS (version 22.0, SPSS Inc., Chicago, IL, USA). Results with P-values < 0.05 were considered significant.
Results

Radiation dose
The distribution of radiation doses, including SSDE, CTDI vol32 , and DLP, according to age groups is summarized in Table 1 . With respect to SSDE, group B radiation exposure was 35-55% higher than that of group A. There was a larger proportion of higher tube voltage in group B than in group A in all age groups (Fig 2A) . In addition, effective tube currents for chest CT in group B were significantly higher than those in group A (Fig 2B) . Table 2 shows demographics and morphologic factors of group A and group B according to age groups. In all five age groups, there was no statistically significant difference between group A and group B with respect to sex ratio and age. Body weight and lateral diameter were higher in group B than in group A in patients aged 6 years or older. Height and AP diameter were significantly higher in group B than in group A in patients aged 6-15 years. In patients who were 0-2 or 3-5 years old, there was no statistically significant difference between group A and group B with respect to any of the demographic and morphologic characteristics.
Age group analysis
Factors affecting radiation dose
A total of 34 (10.8%) examinations were performed with arms down during scout acquisition. With the exception of two cases, all actual CT images were acquired with arms above the shoulders by changing arm position just before actual CT scanning. Relationship between arm position, medical devices and radiation dose in pediatric chest CT Group B showed significantly higher BMI, narrower arm angles on the scout coronal images and coronal reformatted images, higher frequency of the arms-down position on the scout images and the presence of medical devices in the scanning field (Table 3) . However, significant differences were not observed between groups A and B with regard to off-centering in vertical and lateral directions and frequency of the arms-down position on actual scanning (Table 3) .
In addition, group B had significantly higher weights and longer AP/lateral diameters compared to group A (weight, 37.4 ± 23.0 kg vs. 29.2 ± 16.7 kg, P = 0.005; AP diameter, 16.9 ± 4.1 cm vs. 15.4 ± 3.0 cm, P = 0.004; lateral diameter, 26.5 ± 7.2 cm vs. 24.0 ± 5.4 cm, P = 0.006). There were no significant differences between the two groups in sex ratio, age, and height (Group A vs. group B: male/female, 137/101 vs. 50/27, P = 0.252; age, 9.1 ± 5.6 years vs. 9.3 ± 5.8 years, P = 0.78; height, 128 ± 34 cm vs. 131 ± 36 cm, P = 0.505).
BMI, arm angles on the scout coronal images, presence of medical devices in the scanning field, and degree of off-centering in the lateral direction were included in the multivariate analysis. Narrower arm angles and presence of devices on the scout images as well as higher BMI were independently associated with higher SSDE (Table 4 , Figs 3 and 4) .
Discussion
In our study, narrow arm angles and presence of medical devices on the scout images as well as the high BMI were independently associated with high SSDE, while off-centering was not associated with high SSDE. Although arms were repositioned before the actual scanning in Note.-The data in parentheses are 95% confidence intervals. BMI = body mass index, NA = not applicable Ã A P-value less than 0.05 indicates statistical significance.
https://doi.org/10.1371/journal.pone.0195807.t004
Relationship between arm position, medical devices and radiation dose in pediatric chest CT most patients, arm position on the scout images influenced the radiation dose. Thus, we believe that radiation dose may be effectively reduced by simple measures such as repositioning the arms from a downward to upward position and taking away medical devices from the scan field before taking the scout image. The graph (A) shows the average effective tube current/slice in the CT scan. The highest effective tube current was observed at the level of the neck and upper thorax where the unintended objects were located. In addition, 100 kV of tube voltage was used for the scan, while most scans were obtained with 80kV in the same age group (0-2 years old). The SSDE was 4.32 mGy and this patient was classified into group B.
https://doi.org/10.1371/journal.pone.0195807.g004
As expected, those with higher BMI had higher SSDE because ATCM and ATVS basically operate according to body size and morphology, and the purpose of ATCM and ATVS is to maintain image quality regardless of body size [26] .
It is well-known that arm positioning is an important factor in chest CT for determining radiation dose. For the ATVS technique, overall patient size and patient attenuation measured from the scout image primarily determine the tube voltage. Furthermore, the z-axis ATCM implemented for estimating the tube current along the z-axis was influenced mostly by the patient size and attenuation obtained from the scout image [9, 27] . Therefore, a high radiation dose was observed in patients with the scout image taken in an arm-down position. The armdown position increased the overall patient size, which led to selection of a higher tube voltage and tube current than actually required values. The previous studies also showed that positioning of the arms alongside the torso led to an increased radiation dose in trauma CT for thoracoabdominal region, and the authors advocated raising arms above the shoulder level to achieve a lower radiation dose and better image quality [17, 28] .
In this study many patients changed arm positioning from alongside the trunk for the acquisition of the scout image to above the shoulder after taking the scout image. This acquisition sequence was taking place since many patients at our institution were asked to undergo a brain or neck CT scan simultaneously with chest CT. In this situation, radiology technicians randomly selected an arm position at the time of the scout image acquisition. After that, chest CT images were obtained with the arms up, while brain or neck CT was performed with an arms-down position to obtain better quality image. In this study, we found that an arms-down position during the scout image would increase radiation dose even after the arm position is corrected from downward to upward before the actual tube rotation, which is consistent with the results of a previous case report [29] . Therefore, the manufacturer does not recommend changes in arm position between a topogram scan and a corresponding CT scan for proper functioning of CARE Dose4D [30] . If two different body parts are scanned consecutively with different arm positions in one patient, acquiring two topograms would be better for proper functioning of CARE Dose4D.
When it comes to the presence of medical devices in the scanning field, it can be concluded that the presence of a large medical device, such as a bag valve mask would increase both the patient's attenuation and apparent size, resulting in the increased tube current and voltage selection with the use of ATCM and ATVS.
Interestingly, off-centering of the patient was not associated with the higher SSDE in this study, which was not in accordance with the results of previous studies [14] [15] [16] . A study by Kaasalainen et al. reported that radiation doses increased by 21% and 12% with 6-cm vertical off-centering for pediatric 5-year-old and newborn phantoms, respectively, because of a magnification effect of the scout image [14] . However, in clinical practice at our institution, offcentering, especially vertical off-centering, was not significant and was in the sub-centimeter range. We think that off-centering is not significant in clinical practice because a laser-position marking system is routinely available in a modern CT machine.
Radiation dose used in our study was lower than those in other studies performed for the purpose of national survey. The SSDE in the study investigating pediatric CT radiation doses in South Korea were 1.6-2 times higher than the SSDE in this study; even though approximately 40% of CT scans reported were multiphase scans, radiation dose in that study was higher than in our study [19] . Moreover, the authors stated that radiation doses in their study were generally lower than in the UK survey [20] .
There were some limitations in our study. First, the attenuation of lung parenchyma may be a confounding variable and we did not consider its effect on tube current and tube voltage. In patients with severe parenchymal disease, such as pneumonia, there is a high probability that a bag valve mask or adult hands are present in the scanned field. Second, quantitative or qualitative analysis of image quality was not performed. However, several studies investigating the effect of arm position on radiation dose and image quality showed the degradation of image quality and increase of noise in the upper abdomen, but not in the thorax, with positioning of the arms alongside the torso [17, 28, 31] . Thus, we assumed that all CT examinations showed similar and acceptable image quality. Third, the definition of medical devices was rather subjective because the medical devices had a wide range of sizes and attenuation.
Conclusion
During acquisition of the scout images, arms-down position and the presence of medical devices were associated with a high radiation dose above age-specific DRLs in pediatric chest CT, regardless of repositioning before the actual scanning. In addition, off-centering had no clinical impact on radiation dose in the routine practice.
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